The critical current density J c flowing in thin YBa 2 Cu 3 O 7−␦ ͑YBCO͒ films of various thicknesses d has been studied magnetometrically, both as a function of applied field H and temperature T, with a central objective to determine the dominant source of vortex pinning in these materials. The films, grown by a BaF 2 ex situ process and deposited on buffered rolling assisted biaxially textured substrates ͑"RABiTS"͒ substrates of Ni-5 % W, have thicknesses d ranging from 28 nm to 1.5 m. Isothermal magnetization loops M͑H ; T͒ and remanent magnetization M rem ͑T͒ in H = 0 were measured with H ʈ c-axis ͑i.e., normal to film plane͒. The resulting J c ͑d͒ values ͑obtained from a modified critical state model͒ increase with thickness d, peak near d ϳ 120 nm, and thereafter decrease as the films get thicker. For a wide range of temperatures and intermediate fields, we find J c ϰ H −␣ with ␣ ϳ͑0.56-0.69͒ for all materials. This feature can be attributed to pinning by large random defects, which theoretically has power-law exponent ␣ =5/8. Calculated values for the size and density of defects are comparable with those observed by TEM in the films. As a function of temperature, we find J c ͑T , sf͒ϳ͓1−͑T / T c ͒ 2 ͔ n with n ϳ 1.2-1.4. This points to "␦T c pinning" ͑pinning that suppresses T c locally͒ in these YBCO materials.
I. INTRODUCTION
Since the discovery of high-temperature superconductors nearly two decades ago, vast effort has been devoted to understanding and modifying their properties. One topic of continuing interest is their ability to conduct, with very low dissipation, high-density electrical currents-that is, critical currents. Fundamentally, this capability arises from immobilizing vortices by spatial inhomogeneities in the material, i.e., by flux pinning. [1] [2] [3] The inhomogeneity may arise thermodynamically, e.g., as a statistical population of vacancies; it can come from structural features such as twin planes, dislocations, and inclusions of secondary phases; and localized defects of various morphologies may be generated artificially by irradiation with energetic particles such as ions, neutrons, and electrons. Technologically, a high critical current density is extremely desirable for many potential applications, which has led to development of high-quality high-T c materials with a variety of nanostructures. Having both strong fundamental and technological interest, such materials present important cases for testing existing theoretical models for vortex pinning, ideally in comparison with their physically observed defect morphology.
Presently, coated conductors ͑CC͒ based on YBa 2 Cu 3 O 7−␦ ͑YBCO͒ are being developed as second generation hightemperature superconducting ͑HTS͒ wires, with steady progress on such issues as limitations on the critical current density J c arising from weak links at grain boundaries. The use of rolling assisted biaxially textured substrates ͑RABiTS͒ is one of the methods being used to circumvent the weak link problem. [4] [5] [6] [7] Other methods currently being developed include "IBAD" processing [8] [9] [10] [11] and inclined substrate deposition ͑"ISD"͒ technology.
12, 13 For a recent update of coated conductor technology, see Ref.
14. The RABiTS approach involves depositing YBCO films on well-textured flexible metallic tapes with buffer layers separating the YBCO and the metallic tape. Nickel and several of its alloy series, e.g., Ni-Cr ͑Ref. 15͒ and Ni-W ͑Ref. 16͒ alloys, which can be biaxially textured, are well suited as the base material for RABiTS applications, although research is still ongoing to develop less ferromagnetic base tapes and conductive buffer layers. 17 Ex situ synthesis of YBCO coatings is a promising method for fabricating YBCO CC for large-scale applications. 18 A physical vapor deposition ͑PVD͒ BaF 2 ex situ process for YBCO epitaxial film growth has been under development for CC applications since at least 1998. More recently, efforts have focused on defining new processing parameters to enable faster conversion of the precursor into YBCO and increasing the critical current I c .
Good pinning properties, i.e., strong vortex pinning forces in superconducting thin films, are an important feature in order to obtain high J c and to allow usage in electronic and power applications. For the materials studied here, we find that the vortex pinning originates predominately from large, randomly distributed inclusions such as Y 2 O 3 , Y-Cu-O, etc. of sizes ranging from ϳ5 to 65 nm. Pinning by large, sparse defects has been described by the theory of strong pinning of Ovchinnikov and Ivlev ͑OI͒, 19 as extended by van der Beek et al. 20 After summarizing predictions of this theory in the next section, we show the observed nanostructure in the YBCO. Finally, experimental results for J c ͑H , T , d͒ are compared with the theoretical model. find that this development describes reasonably well the field, temperature, and thickness dependencies of J c in these films that contain such pinning sites. In building this theory, they assumed that in order to obtain the J c for sparse pins, one should not start from a statistical average of the pinning forces of the different defects as in weak collective pinning, 21 but rather evaluate the probability that a vortex line will encounter a pinning site at all. The following summarizes the theoretical results of OI, as extended and implemented by van der Beek et al. 20 in analyzing YBCO films ͑deposited by pulsed laser deposition͒ on single-crystal substrates. With this and additional assumptions, the following J c ͑B͒ relationships were obtained for various regimes of the magnetic flux density B, for the field H ʈ c-axis:
Here, n i is the defect density, J 0 = ͑B c /3 ͱ 6͒͑4 / 0 ͒ is the depairing current density ͑ϳ3 ϫ 10 8 A/cm 2 at low temperature͒, is the anisotropy parameter ͑ Ϸ 1 / 5 for YBCO͒, is the in-plane coherence length, D i z is the extent of the defects along the field direction, and D i is their transverse extent. Also, F͑T͒ =ln͓1+D i 2 /2 2 ͑T͔͒ is a temperature-dependent factor that, from force-balance considerations, is approximately F͑T͒Ϸ͑4/D i z ͒͑U p / 0 ͒. Also, U p and ⌽ 0 are the pinning energy per defect and the flux quantum, respectively. Equation ͑1͒ gives J c in the single-vortex ͑low field͒ limit that is realized for fields lower than a characteristic value B * , which is given by
Here, 0 = ͑⌽ 0 /4͒ 2 ͑4 / 0 ͒ is the scale of the vortex line energy per unit length, which is written in SI units, as are all of these expressions. In Eqs. ͑2͒ and ͑3͒, B a is a crossover field at which the maximum allowed lateral vortex displacement u 0 becomes comparable to the vortex spacing a 0 . The J c ͑B͒ departs from a 5 / 8 power-law dependency near B a , where
In a simplified development based on the work of Vinokur et al., 22 van der Beek et al. 20 developed alternative expressions for the critical current density in the intermediate field regime with interacting vortices, obtaining
͑5͒
where the characteristic field is given by
͑6͒
As a function of thickness d, the OI-based prediction is that J c ϰ d for very thin films ͑"thin-thin films"͒, with
This differs from the constant J c ͑d͒ predicted for 3D weak collective pinning. 21, 2 For thicker films ͑"thick-thin films"͒, the J c is predicted to reach a maximum, thicknessindependent value above a crossover thickness d * . The crossover from the thin-thin film to the thick-thin film limit occurs near the thickness
which is determined by considerations of the trapping area in either limit. For thin-thin films, the probability for a vortex to be trapped by an inclusion is determined by its ability to bend sufficiently within the film thickness.
In this study, we show that YBCO thin films deposited on RABiTS substrate can carry significant J c at relatively high temperature and magnetic fields. We then analyze these dependencies to understand better the dominant pinning mechanisms and vortex properties in these technically important materials. The resulting findings, together with correlations with the microstructure of the CC, should provide guidance for future approaches to improve the level of J c in these materials.
III. EXPERIMENTAL ASPECTS
YBCO films of various thicknesses d were prepared on buffered Ni-W substrates using an ex situ process. RABiTS substrates used in this study were provided by American Superconductor Corporation ͑AMSC͒. They feature a 75 m thick Ni-5 % W deformation-textured metal template with average grain size of ϳ25 m, and epitaxial Y 2 O 3 , YSZ, and CeO 2 buffer layers. Prior to mounting in the precursor deposition chamber, the buffered substrates were annealed in flowing N 2 gas ͑containingϽ 80 ppm O 2 ͒ to temperatures in the range 700-750°C for 30 min. The YBCO constituents were deposited by simultaneous electron-beam evaporation from sources of Y, BaF 2 , and Cu, during which quartz crystal monitors ͑QCM͒ were used to measure and control the three individual evaporation rates. The ex situ conversion was performed in a standard annealing system using flowing gases at atmospheric pressure. The "fast" process described in Ref. 23 was used for all samples in this study, featuring a conversion temperature of 780°C and water partial pressure of ϳ0.015 atm. The annealing duration was increased in pro-portion to the film thickness, based on an average growth rate of 0.7 nm/ s. The final YBCO thickness was inferred from the total of the QCM readings, using a previously determined calibration. The films have thicknesses from 28 to 1500 nm. A detailed description of the fabrication process is presented elsewhere. 23 In order to see detailed microscopic features of the films, transmission electron microscopy ͑TEM͒ studies were performed on representative samples. The TEM images were taken looking from above, along the axis of film deposition ͑plan-view images͒. The images revealed various secondary phases ͑inclusions͒ in the YBCO films, whose size distribution and density were determined. In addition to the secondary phase inclusions of Y 2 O 3 and Y-Cu-O present in the films, there are also twin planes with spacings in the range of 35 to 50 nm and large spherical pores faceted along the ͑110͒ and ͑100͒ planes of YBCO grains. Figure 1 shows a TEM image from a 117 nm thick film. An analysis of the defect sizes revealed a roughly log-normal distribution, with ϳ2 / 3 of the particles having diameters in the range ͑28± 11͒ nm. The density of defects is approximately 4.8 ϫ 10 21 m −3 , based on the observed areal density of defects and the estimated thickness of the TEM sample. These values are typical of the materials in the entire series of films. The size and density of defects corresponds to about 6% volume fraction in these materials.
The J c values were magnetically determined by applying the modified critical state model 24, 25 to the magnetic hysteresis via the relation
This "sandpile" relation applies to a rectangular solid with field perpendicular to a face with sides b Ͼ a. Here, ⌬M = ͑M − − M + ͒ is the magnetic hysteresis, where M − ͑M + ͒ is the magnetization at temperature T measured in decreasing ͑in-creasing͒ field H history, respectively. These measurements were done in a superconducting quantum interference device ͑SQUID͒-based magnetometer, a Quantum Design model MPMS-7 with a maximum field of 7 T. Both isothermal magnetization loops M͑H ; T͒ and remanent magnetization M rem ͑T͒ in H = 0 were measured. With these thin superconductors in a perpendicular field geometry, the flux density B can be replaced by 0 H to a close approximation in all but the smallest applied fields. For the isothermal magnetization measurements, fields in the range 0 -6.5 T were applied at different fixed temperatures ͑5-95 K͒ and the moment generated by the induced flowing current in the film was measured. For the remanent magnetization measurement, a large field ͑ϳ0.5 T͒ was first applied to set up currents in the film. This field was then gradually taken off, thereby inducing critical currents flowing in the opposite direction. Before beginning measurements, the magnet was "reset" to eliminate any trapped flux and ensure that H was truly zero, and to provide a very quiet measurement environment. Signals of the reversible background magnetization from the ferromagnetic substrate were subtracted out before computing the J c . These two ways of determining the J c at self-field yielded very similar results.
In order to determine the superconducting transition temperature T c for the films, temperature-dependent measurements of M͑T͒ were made in an applied field of 1 mT ͑10 Oe͒, after cooling to 5 K in zero applied field. The resulting values for the onset temperature T c range from 88 to 91 K.
In some cases, complementary studies of the current density were conducted using standard four-probe transport methods. In particular, this provided information on J c as a function of field orientation, i.e., the angle between the field direction and the YBCO c axis. For these measurements, the magnetic field was oriented perpendicular to the current, in the full Lorentz force configuration. Also measured was the J c in self-field at 77 K. A comparison of these values with those from the magnetic study showed the transport results to be larger by a factor of ϳ1.3, relative to the magnetization values. This difference arises almost completely from curvature in the ͑current density J-electric field E͒ characteristics, coupled with strongly differing E-field criteria in the two investigative methods.
IV. RESULTS AND DISCUSSION
In a superconductor, nearly any irregularity that disrupts the translational symmetry within the material can pin vortices, in principle. Hence, there are many differing models appropriate to various defect morphologies. Here, we seek to identify the dominating source of vortex pinning for the present materials, which we will find is the array of strong, sparse defects. First, though, we consider briefly two other major candidates. One of the most cited is weak collective pinning, 21 such as that arising from vacancies, site-antisite defects, etc. Such atomic scale defects doubtlessly exist in the YBCO films. However, the observed magnitude of J c is so large in these materials that the longitudinal correlation length L c from the theory is extremely short, only one to a few unit cells. This conflicts with the observed thickness dependence of J c that, as will be shown, varies over a thickness range much larger than the calculated L c . Furthermore, to invoke weak collective pinning would ignore the presence of the large and potentially very effective defects that are visible by TEM in Fig. 1 . Hence, we rule out weak collective pinning as the dominant mechanism in these materials.
A second major possibility is pinning by some type of correlated disorder 26 such as columnar defects or twin planes. Indeed, Fig. 1 shows the presence of twin boundaries and it is possible that a dense forest of c-oriented dislocations could be generated in the YBCO by the substrate and/or the various inclusions. 27 In addition, irregularities in the substrate surface ͑either naturally occurring or deliberately introduced as nanoislands 28, 29 ͒ can propagate up through the YBCO and form roughly linear defects. The angular dependence of J c , shown in Fig. 2 for a 700 nm film, provides a good test of these possibilities; the figure shows J c at T = 77 K as a function of the angle between the applied field and the c axis. As these results show, however, there is no evidence for pronounced, angularly selective pinning near the c axis; rather, J c ͑͒ is quite featureless for Ϸ 0. Thus, we rule out correlated disorder as the dominant source of pinning for the applied field H ʈ c axis. On the other hand, the peaks in J c for H near the ab planes do give evidence for pinning by correlated disorder in this angular region, most likely by "intrinsic pinning," by layered intergrowths such as Y-124, or a combination of these.
Next, we analyze the experimental results for J c ͑H , T , d͒ using the theory from OI and van der Beek et al.
A. Field dependence of J c
In the following analysis of experimental results, we test the appropriateness and applicability of the formulation of Ovchinnikov-Ivlev and van der Beek et al. In particular, we ask whether the models can describe J c and the characteristic fields with values for the defect size and density that are comparable with the TEM observations for these materials. We start this discussion by considering the field dependence of J c at the various temperatures studied. Figure 3 shows representative results J c vs H, for films of several different thicknesses. The first observation is that in all cases, there is a low-field region of single vortex pinning, where J c is nearly independent of field, as described by Eq. ͑1͒. Figure 4 shows, for several films, the temperature dependence of B * , the boundary field where J c becomes field dependent. As the temperature decreases, the values first rise and then become nearly constant in the range 50-30 K, with similar values for all thicknesses. For T ഛ 20 K, B * abruptly rises, which may originate in additional pinning from pointlike defects that are relatively ineffective at higher temperatures. The reasonableness of this conjecture is illustrated by the dashed curve in Fig. 4 showing the boundary B sb ͑T͒ for single vortex pinning estimated from weak collective pinning theory; 2 the Appendix gives further details. Thus, for analysis of pinning by strong, sparse defects using OI theory, we focus on the region T ജ 30 K, where B * varies from ϳ0.12 T at 30 K to ϳ 0.04 T at 77 K. From Eq. ͑4͒ and the preceding discussion, we have B * ϳ ln͓1+D i 2 /2 2 ͑T͔͒. In this and subsequent analyses, we take the defects to be roughly equiaxed, so that
z . The temperature-dependent B * ͑T͒, shown as a solid line in Fig. 4 , gives a reasonable description of the data at intermediate and higher temperatures. We have taken D i z = 10 nm to obtain self-consistency in both this estimation and in the magnitude of J c , as discussed below. Then, with B * = 0.12 T for the films at moderate temperatures 30-50 K, the expression Eq. ͑4͒ for B * yields a defect density n i = 2.4 ϫ 10 21 m −3 . In the same low-field single vortex limit, we alternatively calculate using Eq. ͑1͒ ͑again with D i z =10 nm͒ with the experimental value J c Ϸ 15ϫ 10 6 A/cm 2 and obtain n i = 3.1ϫ 10 21 m −3 . These estimates are reasonably consistent internally and comparable with the defect density of 4.8 ϫ 10 21 m −3 obtained directly from the TEM study. An alternative explanation of the field independence of J c is that B * is simply the self-field of the film, B self . For thin sample geometry, we have 30 B self Ϸ 0 J c d / 2. Therefore, the self-field ͑at fixed temperature, with J c varying little with d͒ must increase greatly over the range of film thicknesses d = 28-1450 nm; in contrast, however, the experimental values of B * are nearly independent of film thickness. More quantitatively, one estimates at T = 30 K that B self ϳ 0.05 T for d = 500 nm and ϳ0.02 T for d = 170 nm. The values for B * are larger by a factor of 2.5-6, meaning that the fieldindependent J c originates largely from single vortex pinning rather than self-field effects. ͓However, the large value͑s͒ of B * in Fig. 4 for the 1450 nm film at low temperatures probably do contain contributions from the self-field.͔ A particularly interesting feature in the J c ͑H͒ data in Fig.  3 occurs in the intermediate field range. Here, the current density falls off with a power-law field dependence J c ϰ H −␣ with exponent ␣ ϳ͑0.56-0.69͒ for all the materials, for the entire temperature range studied. This power law coincides closely with the prediction of Ovchinnikov and Ivlev, 19 who obtain in Eq. ͑2͒ for J c ͑H͒ that ␣ =5/8 ͑0.625͒. A similar field dependence was reported recently for YBCO ͑d = 200 nm͒ deposited epitaxially on SrTiO 3 substrates by pulsed laser deposition ͑PLD͒. 31 As for the magnitude of J c estimated from Eq. ͑2͒, the values obtained ͑using the same defect density and size described above͒ exceed those measured in these YBCO thin films by about a factor of 20. This overestimation of J c has been attributed 20 to an assumption that a vortex line will encounter at least one defect ͑more explanations in footnote 27 in Ref. 20͒ . In addition, the presence of some weak links also reduces somewhat the current densities below the levels expected in equivalent singlecrystal films, as the present materials are realistically quasisingle crystals consisting of a series-parallel network of predominantly low angle grain boundaries. However, for highquality coated conductors such as those studied here, the attenuation in J c is generally a factor of 2 or less and cannot account for the difference in estimated vs experimental J c values. ͑Additionally, we note that there is accumulating evidence 32 that for low angle grain boundaries, the intergrain J c is proportional to the intragrain J c , meaning that dependencies on field and temperature are basically unaffected by residual grain-to-grain weak linkage.͒ Similar difficulties with numerical estimates arise with the crossover field B a , separating the ␣ ϳ 5 / 8 and the ␣ ϳ 1 regions in the Ovchinnikov-Ivlev theory. Estimates in the range of 0.01 T are obtained, compared with experimental values of 1 -3 T.
For complementary estimates, we turn to the alternative, simpler development leading to Eqs. ͑5͒ and ͑6͒. In this case, the theoretical power-law dependence with ␣ =1/2 is slightly weaker than either the Ivlev-Ovchinnikov theory or the experimental findings. On the other hand, the magnitude of the current density lies much closer to that realized experimentally. From Eq. ͑5͒, we obtain J c Ϸ 19 MA/ cm 2 ϫ ͑1 T/B͒ 1/2 , again using the same defect parameters n i =3 ϫ 10 21 m −3 and D i z = 10 nm. The resulting estimate for J c lies within about a factor of 3 of the experimental values, which is relatively good agreement for such estimates. One may also evaluate the crossover field B a separating regions with power-law behavior with ␣ =1/2 and ␣ = 1, using Eq. ͑6͒. This leads to the estimate B a Ϸ 1.4 T, which is close to the experimental values in Figs. 3͑a͒-3͑d͒ for the films of various thicknesses. Finally, as we approach the irreversibility   FIG. 4 . ͑Color online͒ Variation of the crossover field B * with temperature for films of thicknesses from 34 to 1450 nm. The solid line is the theoretical prediction for pinning by strong, sparse defects, as described in the main text. The dashed curve shows an estimated boundary B sb ͑T͒ for weak collective pinning by pointlike disorder, as described in the Appendix.
line ͑where the films lose their ability to carry any significant amount of supercurrent͒, the current collapses progressively more quickly with increasing temperatures. The associated increasing rate of flux creep, coupled with experimental difficulties of thin-film measurements in large magnetic fields, precludes a detailed, quantitative analysis of properties in fields above B a . Qualitatively, however, it is clear that the J c falls off earlier in the thinnest films, most likely due to faster flux dynamics.
B. Thickness dependence of J c
Useful, complementary information can be obtained from the dependence of J c on film thickness d. Understanding this dependence is vital to gaining insights for improving the total current carrying capabilities of a CC. It is widely recognized that, for thicker films, the experimental J c decreases as thickness is increased; this has been attributed, at least in part, to degraded film morphologies and/or differences in defect structure between the thinner and the thicker films. 20, 33 One potential way to circumvent this problem is based on extrapolating the J c ͑d͒ dependence to very thin films, which suggests the possibility of extremely high J c values; then, could fabricating a stack of very thin layers lead to very high overall J c 's? On the other hand, might materials-related problems lead to very small J c in thin films on RABiTS? These were some of the motivations for undertaking this study. In fact, a recent report by Foltyn et al. 34 illustrates that high critical currents may indeed be obtained from a multilayer approach, using in situ pulsed laser deposition to grow the films.
Although extensive studies have been reported to investigate the d dependence of J c in YBCO thick films on single-crystalline 35 and buffered metallic substrates, 36-38 as well as for thin films on single-crystalline substrates, 20 no work has been reported for thin films on buffered ͑RABiTS͒ substrates. From our results, the J c ͑d͒ data can be divided into two regions, viz, thin-thin films and thick-thin films. Figure 5͑a͒ shows a plot of the experimental J c ͑d͒ measured in self-field; in the first region of thin "thin films" described by Eq. ͑7͒, we find that J c first increases with thickness d; it then reaches a peak around ϳ120-140 nm and decreases thereafter. This behavior is independent of temperature as the same effect is found at low ͑5 K͒ and high ͑77 K͒ temperature. This temperature independence implies that the thickness where the peak J c occurs is not directly related for these materials to the penetration depth ab , as suggested in an earlier work. 33 In addition, the similarity of J c ͑d͒ at high and low temperatures also argues against explanations based on thermal depinning of thickness-limited vortex segments to account for the decreased J c observed in the thinnest films. 39 Interestingly, similar plots in Figs. 5͑b͒ and 5͑c͒ for applied fields 0 H of 0.2 and 0.5 T fields reveal the same features found in the self-field data with single vortex pinning: even in the regime of collective effects with the ϳB −5/8 power-law dependence, J c ͑d͒ peaks at a similar thickness. The similarity in data at 5 and 77 K appears to fail, however, for conditions approaching the irreversibility line, e.g., the thinnest films at 77 K in 0.5 T, where creep effects become pronounced. A shortcoming of the OI theory is that it provides no insight into the falloff of J c ͑d͒ for thicknesses d Ͼ 120 nm. One characterization of this decrease is shown by the solid lines in Fig. 6 that illustrate a d −0.4 power-law dependence, which is comparable in form with the falloff observed in coated conductors prepared by various methods. 36, 37 In principle, the observed falloff could arise from a loss in density or size of pinning centers for d Ͼ ϳ 120 nm; however, if this were the only operative factor, it seems improbable that materials fabricated by different methods ͑ex situ BaF 2 , PLD, etc.͒ should experience similar deteriorations in pinning morphology with increasing thickness. Clearly, a better understanding of this unwanted falloff is needed, and it remains a topic of continuing investigation. In an alternative theoretical approach, Gurevich 39 has suggested 2D collective pinning to explain this falloff with d, as it has J c ϰ 1/ ͱ d; at still larger thicknesses, the system then crosses over to 3D collective pinning where J c becomes independent of d. It has been difficult, however, to reconcile the implication of such large correlation lengths L c with the observed high levels of critical current density. This latter difficulty may be circumvented by incorporating the effect of finite defect size into the theory.
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C. Temperature dependence of J c
In type II superconductors, pinning results from spatial variations of the Ginzburg-Landau ͑GL͒ coefficient ͑tradi-tionally denoted as ␣͒; the spatial variation may be associated with disorder in the T c and/or from spatial variations in the charge carrier mean free path l near lattice defects. 2 These two sorts of pinning are usually called "␦T c pinning" and "␦l pinning." 41 The type of pinning in high-T c superconducting materials can give insights into the vortex structure as each of them is governed by different regimes of the GL free-energy functional. 42 In the single vortex regime, which is the region of interest for the present analysis, J c can be expressed as a function of the reduced temperature t = ͑T / T c ͒ as 42
Equation ͑10a͒ holds for ␦T c pinning, while Eq. ͑10b͒ holds for ␦l pinning. In Figs. 7͑a͒-7͑d͒ , we present the J c in selffield as a function of temperature normalized to the T c for the 34, 117, 500, and 1450 nm thick films. These results are representative of all the films. The log-log plots of J c vs ͓1 − ͑T / T c ͒ 2 ͔ have slopes near T c that range from n = 1.2 to 1.4. These values coincide within experimental error with the theoretical exponent 7 / 6 ͑1.2͒ in the theoretical model Eq. In similarity with results from previous work, 33 the thickness dependence study shows that J c increases initially with thickness, reaches a peak near 120 nm, and then decreases as the films get thicker. The new finding, however, is the temperature and field dependence of this feature. We find that this behavior is independent of temperature and field ͑up to at least 0.5 T or 5 kOe͒ and the peak occurs at the same thickness at both high and low temperatures. Thus, one concludes that the thickness at the peak is not directly related to the in-plane penetration depth ab as suggested earlier. One shortcoming of the OI theory, however, is that it provides no insight into the falloff of J c for thicknesses greater than the peak value. This falloff has important technological ramifications and requires better understanding.
In summary, the pinning analysis as reinforced by TEM imaging demonstrates that the dominant mechanism for immobilizing vortices near the c axis in these YBCO materials is strong pinning by large, sparse defects, rather than weak collective pinning or pinning by strongly correlated disorder.
